The question that I a m going to discuss i s one that men have asked s i n c e they f i r s t recognized a distinction between living and nonliving substance s .
. t h e chain of a r g u m e n t that l e a d s to i t .
The t e r m "evolution" h a s been m o s t commonly used and developed by t h e biologists, and h a s a f a i r l y c l e a r -c u t definition in their language. It h a s b e e n u s e d to d e s c r i b e the changes and development of various f o r m s of l i f e a s t h e y have been r e a d in the paleontological r e c o r d and i n t e r p r e t e d in the light of m o d e r n genetics and biochemistry. It c a l l s for the possibility of random v a riation amongst s y s t e m s together with a mechanism f o r selecting amongst t h o s e r a n d o m variations. This, in e s s e n c e , i s what the t e r m "evolution", a s I u n d e rs t a n d it, m e a n s in biological language. What I would like to do i s to extend t h e v e r y s a m e t e r m s into nonbiological s y s t e m s and show that they apply, and *Transcription of a d d r e s s delivered a t Amber s t College, Amher s t , M a s s achusetts, November 19, 1954. The preparation of this paper was sponsored by the U. S. Atomic E n e r g y Commission.
UCRL-2 124 Rev t h a t t h e i r application to a nonliving system will give r i s e , in the n o r m a l c o u r s e of e v e n t s , to confined s y s t e m s in space which we could call living c e l l s .
The t i m e element that i s involved i s a v e r y long one. By extrapolating the idea of evolution to include nonliving s y s t e m s a s well a s living ones, we c a n go c l e a r back to a t i m e when the universe and the s t a r s were evolved and eventually an e a r t h w a s f o r m e d . This time period s t a r t s roughly about 10 billion y e a r s ago, a s far a s the astrophysicists can tell u s . Roughly 10
billion y e a r s ago the u n i v e r s e was f o r m e d by an explosion of matter in s o m e way and the elements w e r e f o r m e d in an evolutionary p a t t e r n , a discussion of which would be beyond our p r e s e n t scope, and which m a y m o r e properly b e c a l l e d "nuclear evolution. I ' The next period that we can c h a r a c t e r i z e a f t e r the e a r t h ' s formation i s the t i m e for the formation of chemicals of various d e g r e e s of complexity upon the s u r f a c e of the e a r t h , but before the appearance of s y s t e m s that we could c a l l living--I s chemical evolution". Finally, a s the s y s t e m s evolve in complexity, then a t s o m e period of time they may acquire a l l of the collection of qualities that a r e usually attributed t o living things, and we can s a y the thing i s alive, o r that t h e r e i s a living system p r e s e n t .
Then we c o m e to the p e r i o d of biological evolution, which we know m o s t about, and which took place over a p e r i o d of a billion y e a r s , o r thereabouts. In the last 50,000 y e a r s o r so we have the p e r i o d in which m a n h a s evolved and the n e w kinds of revolution which we might call "psychosocial evolution" h a s begun.
We t h u s have four p e r i o d s --o r four types or kinds--of evolution into which we c a n divide t i m e ( F i g u r e 11, and the one with which we a r e concerned h e r e i s the second one, the p e r i o d that I have called "chemical evolution, " the period a f t e r the formation of the e a r t h and b e f o r e biological evolution can be s a i d to have begun. This period, a s n e a r l y a s we can define i t in t i m e , l i e s between 2 -1/2 and 1 billion y e a r s ago. (We have roughly 2 billion y e a r s to do chemical evolution; t h i s i s a g r e a t deal of t i m e and we can do many improbable things i n t h a t t i m e . This, of c o u r s e , i s one of the saving g r a c e s of the problem. )
In o r d e r to begin chemical evolution, i f you like, we have to decide on what s o r t of an e a r t h we had to work on--what s o r t of a chemical s y s t e m did we have about 2-1/2 billion y e a r s ago, when the e a r t h f i r s t began to take i t s p r e s e n t f o r m ? 1 might point out that these various p e r i o d s that 1 have t r i e d to delineate a r e , of c o u r s e , simply regions in t i m e , and t h e r e i s no s h a r p dividing line between t h e m ; they g r a d e one into the o t h e r . One can s a y simply that t h e e a r t h gradually took shape, by s o m e p r o c e s s --p e r h a p s just by a g g r e - 
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? G e n e s i s of t h e Universe UCRL-2124 Rev path i t s formation followed, we c a n say that a t s o m e p e r i o d of time the e a r t h had acquired v e r y n e a r l y i t s p r e s e n t f o r m , and we might say that chemical evolution was well under way--it had already begun. We should t r y to decide, a t l e a s t , what s o r t of a n earth--what s o r t of chemicals--we had to deal with, and what the e a r t h w a s like a t t h a t time. Unfortunately, the geochemists can't a g r e e on whether the a t m o s p h e r e of the e a r t h was a n oxidized one o r a reduced one, and by this P m e a n whether the carbon a t o m s (and other a t o m s too) that w e r e p r e s e n t on the s u r f a c e of the e a r t h combined m o s t l y with oxygen o r c o m - T h e l a s t method that h a s been suggested, and tested experimentally (49, -i s the one involving an e l e c t r i c d i s c h a r g e in the upper atmosphere, l i k e a lightning d i s c h a r g e , when t h e r e a r e p r e s e n t methane and ammonia and water (methane is a carbon with four hydrogens around it, ammonia i s nitrogen with t h r e e hydrogens--therefore, a reduced a t m o s p h e r e ) . If you p a s s an e l e c t r i c d i s c h a r g e through such a m i x t u r e you c a n get a variety of compounds in which t h e r e a r e c a r b o n a t o m s tied to each other, and compounds of the type of amino UCRL-2 124 Rev a c i d s , which a r e the e s s e n t i a l building blocks of proteins. We have thus devised a t l e a s t four ways in which relatively complex organic substances can a r i s e ; we h a v e tested them a l l in a nonliving system..
Why a r e we doing a l l t h i s ? You s e e , today organic m a t t e r cannot accumulate on the s u r f a c e of the e a r t h , and the s e a s o n for this i s that t h e r e a r e too m a n y living things t o e a t i t up. At the t i m e we a r e talking about there w e r e n ' t a n y such living things, and if organic substances --that i s , m a t e r i a l s containing c a r b o n -carbon bonds and carbon-hydrogen bonds --w e r e c r e a t e d by any one of t h e s e methods, they would r e m a i n . They would change only under the a g e n c i e s such a s the ones I. have described; t h e r e would not be any m i c r oo r g a n i s m s to r e c o n v e r t them back again into carbon dioxide and other g a s e s of the a t m o s p h e r e . And so they would accumulate. We have a r r i v e d , t h e r ef o r e , a t a point where we c a n visualize the accumulation in a random fashion of r e l a t i v e l y complex organic substances under the influence of physical agenc i e s --a l l of which we have t e s t e d experimentally and all of which t h e r e is e v e r y r e a s o n to suppose w e r e operating 2 billion y e a r s ago.
I h a v e omitted, s o f a r , to do a thing that m o s t the the "speculators"
in t h i s a r e a do--and t h e r e a r e many, I might say, who do t h i s ( i t E s especially popular today to speculate about this subject because new concepts have opened up new a v e n u e s of thought a s yet experimentally untried)--and that i s to define the n a t u r e of life itself, the thing that we a r e trying to describe the origin of.
And, of c o u r s e , t h i s i s the pitfall, r e a l l y , in which m o s t of the people who have s p e c u l a t e d in t h i s a r e a have been trapped. They have t r i e d to define it
izt too s i m p l e and p r e c i s e a way--life m u s t have this particular s e t of p r o p e rt i e s to d e s e r v e the n a m e . T h e r e i n , I think, i s the difficulty: they s e t thems e l v e s up a n impossible t a s k when they do that. Actually life h a s many a t t r ibutes, a l m o s t any one of which we can reproduce in a nonliving s y s t e m . It i s only when they a l l appear to a g r e a t e r o r l e s s e r degree in the s a m e s y s t e m simultaneously, that we call i t living. What a r e these a t t r i b u t e s --s o m e of them, anyway? (1 c a n ' t n a m e them a l l . ) The ones that a r e usually used a r e growth a n d reproduction; i r r i t a b i l i t y ( t h e ability to respond to a stimulus);
th.e phenomenon of autocatalysis in evolution, that i s , the capacity f o r variation.
and change. All t h e s e things a r e c h a r a c t e r i s t i c of living s y s t e m s . All of them c a n b e r e p r o d u c e d individually in nonliving s y s t e m s . T h e r e a r e volumes -- we give to living s y s t e m s . ) It i s only when a l l these p r o p e r t i e s occur together to a c e r t a i n degree that we call i t living.
T h e e s s e n c e of what I want to say i s this, then. As these p r o p e r t i e s accumulated s o m e t i m e in t h e p a s t , they would have reached a degree of development of which, i f we had been t h e r e viewing i t f r o m outside, we would have s a i d "that, now, i s living. " It wouldn't have been a sudden thing. Moreover, i t would have been a p r e t t y a r b i t r a x y decision whether it was o r i t wasn't a l i v e .
F o r example, the v i r u s e s of today m a y be such things. The argument goes on and on--they have s o m e of the a t t r i b u t e s of living things but they don't have t h e m all. This i s the type of thing I a m r e f e r r i n g to. All we h a v e to do, then, is t o devise ways and m e a n s of accumulating t h e s e p r o p e r t i e s --e a c h of them--in c h e m i c a l s y s t e m s , and once those ways and m e a n s of accumulating each of t h e s e p r o p e r t i e s in chemical s y s t e m s have been devised, then eventually a s they a r e developed and combined and confined, the s y s t e m s will become sufficiently highly organized s o that we can, a s I say, call them living. With t h a t kind of definition it i s much e a s i e r t o proceed.
We have a l r e a d y outlined possible methods to obtain a solution containing a random mixture of relatively complex organic substances. Thus, w e h a v e m a d e complex organic m a t e r i a l f r o m inorganic m a t e r i a l and v e r y simple (one-carbon a t o m ) organic ones; incidentally, this ability to make organic m a t e r i a l out of m i n e r a l m a t e r i a l i s but one of the attributes of l i f e . Life a s we know i t today, however, doesn't do it in a random fashion. It does it in a v e r y o r d e r e d way. It s e l e c t s c e r t a i n chemical reactions and neglects others.
We should, t h e r e f o r e , devise s o m e way of getting chemical evolution to do t h e s a m e thing.
H e r e , again, I m u s t r e t u r n to the concept of variation and selection a s i t h a s b e e n developed in biological evolution, and apply i t directly to this c h e m i c a l s y s t e m which h a s been developed in a random fashion so f a r . This 
Consider, f o r example, the group of chemicals A, B, and C, related 
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F i g u r e 2 ihdicates the development of a catalyst. It i l l u s t r a t e s the e s s e n t i a l point of the p r e s e n t discussion. We know, for example, that i r o n ion in water solution is a catalyst for the decomposition of hydrogen peroxide t o give water and molecular oxygen. Now the catalyst activity i s m e a s u r e d by
-5
a number that i s p r e t t y s m a l l --i t i s 10 . If, however, the iron is i n c o r p o r a t e d o r g e t s surrounded by a special s t r u c t u r e such a s a t e t r a p y r r o l e ring, called a porphyrin--a s t r u c t u r e v e r y common in present-day organisms--then the I t is a n evolution of c h e m i c a l s , and you will notice that the evolution is toward
( a t l e a s t i t looks f r o m h e r e a s though it is "toward") the kind of chemicals we now have in biological s y s t e m s , But t h i s i s looking a t i t f r o m the back side.
The e s s e n t i a l stability of the compound and the f a c t that i t i s a good catalyst f o r i t s own formation a r e the crucial points. 
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T h e r e a r e other examples of this autocatalysis phenomenon in which c h e m i c a l s a r e evoled that don" n e c e s s a r i l y involve metal atoms a s the c e n t e r ; F i g u r e 3 shows the evolution of another type of catalyst. This i s a catalyst of a decarboxylation reaction, derived by gradually increasing the complexity of a molecule of methylamine f i r s t to glycine, then to phenylglycine, etc. The catalytic activity becomes g r e a t e r and g r e a t e r , H e r e , again, you can s e e t h a t i t i s p o s s i b l e , by gradually changing the chemical a little a t a time, to improve i t s catalytic ability. If this catalytic ability happens to be one that i s helpful f o r i t s own formation, i t will facilitate the conversion of a l l the suitable r a w m a t e r i a l into itself. Gradually, then, the v e r y simple molecules that a r e initially available a r e converted into the m o r e efficient catalysts. We have now developed the e s s e n c e of n e a r l y a l l the p r o c e s s e s that we need f o r c h e m i c a l evolution: a s o u r c e of e n e r g y leading to the formation
of i n t e r m e d i a t e s ; random variations amongst t h e i r transformations, both a s new e n e r g y is s t o r e d f r o m p r i m e s o u r c e s and as the s t o r e d chemical potential
is degraded; and a mechanism for selection among those random variations.
These a r e p r e c i s e l y the qualities of any p r o c e s s that the biologists know actu-.
ally i s r e q u i r e d f o r a n evolutionary s y s t e m . We a r e s t i l l a long way, however, f r o m the kind of molecules which we now know c a r r y the essential organization of living things. These a r e the genes a n d t h e chromosomes.
So f a r , a l l the catalytic activity and changes that I have talked about a r e o c c u r r i n g in a homogeneous s y s t e m , that i s , t h e r e is no o r d e r ; the molecules a r e a l l in a solution and a r r a n g e d in a random fashion. We m u s t now 
t e d . A living s y s t e m does t h i s --c r e a t e s t h i s o r d e r --i n a v a r i e t y of ways, and one of t h e m i s the ability i t h a s developed to couple a reaction that i s spon-
taneous ( t h a t i s , gives off energy) with one that is not, i. e . , to u s e that e n e r g y t o make a r e a c t i o n which r e q u i r e s e n e r g y to go. Actually, a l l the reactions that c r e a t e o r d e r a r e , in general, r e a c t i o n s that r e q u i r e energy. The burning UCRL-2 1 2 4 Rev A m o u n t of reaction in 5 min. a t 100" C.
E V O L U T I O N OF A C A T A L Y S T F O R
[w. Longenbeck, R . Hutschenreuter, Zei o l l g . Chem. 188, 10 (1930); W. L a n R. H u t s c h e n r e u t e r , R. ~G t t e m a n n , 60, There a r e certain types of organic molecules that a r e great flat planes.
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When their concentration in solution is raised to what w-e call 10 M, which -i s quite a dilute solution, the molecules tend to come together face to face and pile up, and this i s without any additional help. The arrangement of the atoms and electrons in these molecules i s such that they pull one another together plane to plane. This happens to be precisely the structure which we now know--and have known the elements of for some years, in fact--to be an essential characteristic of the structure of desoxynucleic acid (DNA), the material that c a r r i e s the genetic character--in other words, the continuity and order --of present-day life. Figure 4 shows an example of a specific organic molecule and how it tends to orient itself in solution. The shape of the molecule i s that of a large, flat plane. These molecules have piled one on top of the other, and the distance between the sheets i s 3 . 6 2 along the direction vertical to the plane. In this case, they aiso happen to be tilted a bit instead of fiat-on, but they also can be formed with flat-on faces--face to face a s well a s tilted.
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F i g u r e 5 shows c e r t a i n of the elements of nucleic acids (the b a s e s ) .
T h e s e a r e the units of nucleic acid which have a r o m a t i c c h a r a c t e r --the h e t e r ocyclic r i n g s which pile up if a solution of them is made sufficiently concentrated.
F i g u r e 6 shows how they do pile up. The b a s e s a r e planar molecules h e r e viewed edge on, and you will notice that the distance between them (between -8 the p l a n e s piles up one on top of the other) is 3 . 4 8 ( a n Angstrom, 2, i s 10 c m , which constitutes what we now know to be the s t r u c t u r e of the genetic m a t e r i a l of p r e s e n t -d a y living o r g a n i s m s . We thus come to the conclusion that we actually c a n s t avoid the formation of such o r d e r e d s t r u c t u r e s a s now constitute s o m e of the essential s t r u c t u r a l f e a t u r e s of living things. The types of molec u l e s t h a t now c a r r y the continuity of o r d e r a r e the v e r y ones which, if they w e r e p r e s e n t in random solutions, would spontaneously o r d e r themselves in t h i s way. F u r t h e r m o r e , once they w e r e formed, they would have "handles" We thus have developed the mechanism not only f o r creating i n t e rm e d i a t e s , f o r selecting amongst random variations in those intermediates, a n d making them m o r e and m o r e complex, but also f o r spontaneously ordering t h e m . This word "spontaneous" i s a t e r m which m e a n s that the p r o c e s s u s e s up e n e r g y to c r e a t e that o r d e r . The energy used r e s i d e s in the s t r u c t u r a l f e a t u r e s of the molecules that come together--when they come together the e n e r g y level goes down a l i t t l e bit, and that i s w h e r e the energy i s used f o r c r e a t i n g o r d e r . W e have, then, a l l of the e l e m e n t s that we need, except one which P haven't d i s c u s s e d explicitly, and that is the mechanism of the coupling of one reaction which gives off energy to another one which absorbs it. H e r e , again, in o r d e r to develop the idea, we have to find a rudimentary c a s e that might be found in a s t r i c t l y nonliving s y s t e m . And once we have s e e n such a r u d i m e n t a r y c a s e of energy coupling, and have defined t h e conditions that could i m p r o v e it--which we have a l r e a d y done--we have all t h a t i s required. e n e r g y -r e q u i r i n g dehydration of orthopho sphate to f o r m pyrophosphate. This i s but a r u d i m e n t a r y coupling reaction, possibly p r e s e n t in a totally nonliving s y s t e m --i n a s y s t e m which certainly was p r e s e n t a t the t i m e we a r e speaking of. All that i s r e q u i r e d now is to improve the efficiency of this s y s t e m . If the i r o n , f o r example, combines with one o r another of the organic molecules t h a t m a k e the efficiency of this r e a c t i o n g r e a t e r , then, of c o u r s e , the organoi r o n s u r v i v e s . The a r g a n i s m s dependent upon i r o n that is not in such combination do not s u r v i v e .
We have now a l l the e l e m e n t s --o r a t l e a s t m o s t of the elements--that we usually think of a s required f o r and c h a r a c t e r i s t i c of living o r g a n i s m s . W e have provided experimental rationale for t h e s e . Thus, we now can conceive of a continuous p r o c e s s , beginning with a b a r e e a r t h ( I c a n ' t go beyond that, that differentiates what we have said h e r e from what has heretofore been suggested within this scope of thought i s that we don't require a single catac1ysmi.c instant of change. We can't define a single instant of time such that before that instant t h e r e was no life and after that instant there was life. The systems that we define a s "living" a r e defined in t e r m s of all of the entire concatenaticm of p r o p e r t i e s , and when one h a s been developed by the p r o c e s s e s I have des c r i b e d to a sufficiently high degree, then the system i s spoken of a s being alive. We have plenty of time to do t h i s --we have 2 -1/2 billion y e a r s , Although e v e r y one of the p r o c e s s e s that I h a v e described i s probable--there i s no g r e a t improbable event that I have required--the selection among st the random p t o bable events of a particular sequence i s a highly improbable thing and h a s r equired the billion y e a r s or so that i t took to do it. And that i s why I doubt v e r y much t h a t we will ever be able to put a l l the chemicals in a pot and place i t in a radiation field and go away and leave it for a while and come back and find nucleic acids.
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